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METHOD FOR STUDYING HELICOPTER LONG~UDINAL MANEUVER STABILITY 1
By KENNETH B. AMDR

SUMMARY

Becau8e of the importanw of satisjactoy maneuver stabdi.ty
for helicopter contact and instrument $ying, a theort%ca.1
analy8i.soj maneuuer8tubiMy hus been made. The results of
the analy8is are preserukdin theform of a chart which contains
a boundary line separating combindions of &n&can$ lon&
tudinal stabiltiy dericativeathat remdtin satisfactory manaww
stabilityfrom comhinatiO?Mthd resdt in un8m%faCtWymun&?L-
oer stability, according to the ctiefion of NAC. l’echnti
Note1983.

Qoodcorrelationh hdtid for botha singik-rotmhelicopter
and a tandem-rotor helicopter between maneumr staldi-ty as
predicted by tlw churt and a-smeasured duri~ pulkp mmwu-
vem. T/Lu8, the theoreti.cd analysis i8 ‘k&cm2d to be $dd.

Techniques for mea-swing 8tubildy G%rioatitxxin jlight are
de8cribed. These derivativesarefor use with &? chartpresented
herein to aid in de@?n 8twdk of means for achieving at kst
marginal maneuver stabilityfor a prototype helicoptm or for a
helicopter in the d&n sme that is similar to heli.copter8
alreadyflying.

In predicting the muneuver stubildy of a new type of hel?i-
copter, the stabildy deriinnhx for w.seWW the Ghd PTestW.d
herein must be theoretiadly predtid. The problem remains of
predicting tlwse deriWivtx with the desired acwuraq where
s@u’’cant amounti of rotor stailin.gare pre8W.

INTRODUCTION

The exprmclinguses of the helicopter in both military and
civilian fields are emphasizing the need for satisfactory flying
qualities under both contact and instrument conditions. In
reference 1 is brought out the importance in forward f@ht
under contact conditions of satisfactol~ maneuver stabili@,
that is, no divergent tendency in pitch. In refwsnce 2,
blind-flying trials conducted in a single-rotor helicopter are
reported, and it is concluded that “Changing the maneuver
stability horn unsatisfactory to satisfactory markedly re-
duced the effort required of the pilot to matitain a given
ilight path under instrument conditions. In addition, the
clangar due to divergent tendencies was removed.” A cri-
terion for maneuver stability is presented in reference 3,
based on flying-qualitiea studies of single-rotor helicopters.
Subsequent studies on a tandem helicopter indicated this
ctiterion to be generally applicable to tandem helicopters.
The criterion as given in reference 3 is worded as follows:

When the longitudinal control stick is suddenly dis-
placed rearward 1 inch from trim (while in level flight
at the maximum placard speed) and held fixed at this
displacement, the time history of normal acceleration
shall become concave downward within 2 seconds fol-
lowing the start of the maneuver.

It should be noted that the phrase “concave downward
withir. 2 seconds” in this criterion refers to the slope of the
normal-acceleration curve, that is, the slope shall reach its
maximum value and begin to decrease within the given time
interval. The significance of this criterion is that it calls for
evidence, within 2 seconds, of the eventual peaking of the
normal acceleration time history.

Variations in control sensitivity of newer helicopters may
warrimt a change from the simple “one inch” in the origintiy
suggested criterion to some more comphx phra.seology.
(The current military specification of reference 4 adds the
word “approximately.”) Other increases in complexity of
the criterion are also indicated by recent tests as vmrranting
consideration. Such changes, however, are beyond the scope
of this report, and the changes, if made, are not expected to
affect the usefulness of the theoretical treatment presented
herein.

This criterion, in somewhat moditied form, is now fre-
quently found in requirements and specifications supplied to
designers by using agencies. This report is accordingly
presented in order to provide a basis for designers and the
procurement agencies to use in studying the maneuver
stability of a prospective helicopter.

The report is divided into two parts. Part I is an analytical
study of maneuver stability hm which a chaxt is derived
showing combinations of pertinent stability derivatives
which result in a normal-acceleration time history that rep-
resents a case of marginal maneuvm stability. Also in part
I, the validity of the chart is checked against experimental
data for both a single-rotor and a tandem-rotor helicopter.

In order to make use of the chart presented herein, the
significant longitudinal-stability derivatives of the helicopter
must be either theoretically predicted or measured. In part
II of this report, the difficulty of theoretically predicting the
derivatives for this purpose is discwed and techniques for
making flight measurenmnts of stability derivatives are de-
sctibed. The mathematical manipulations needed to obtain
the derivative-sfrom flight data for use in the previous com-
parison are performed; thus, sample calculations areprovided.

1Supersedes.NACATN3422,“hfethodferStudyingHeliwpterLawItndlnalManeuverStabillty”byKennethB.Amer,19S3.
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SYMBOLS

coefficiem% of —cm +- and —sin +, respectively, in
expressionfor e; therefore, lateral and longitudinal
cyclic pitch, respectively, uncorrected for blade and
control-system distortion, &, or automatic control
devi-, radians

longitudinal tilt of rotor cone, radians
projection of angle between rotor force vector and

axis of no feathering in plane containing flight path
and axis of no feathering (for discussion of sig-
n.iiicance of axis of no feathering, see appendix of
ref. 5)

real part of conjugate camplex roots of characteristic
equation (denominator of eq. (23) set equal to
zero)

number of blades per rotor; also, imaginary part of
conjugate complex roots of characteristic equation
(denominator of eq. (23) set equal to zero)

blade-section chord, ft; also, b/i where b is imaginary
part of complax root of characteristic equation

J
E

c?dr
equivalent blade chord (on thrust basis), ‘E ~ft

J r%
perpendicular distance between rotor sha&s of a

tandem helicopter, ft
offset of center line of flapping hinge from center line

of rotor shaft, ft
force exerted by rotor blade on flapping hinge due to

centrifugal acceleration, lb
acceleration due to gravity, 32.2 ft/se@
height of rotor hub(s) above center of gravity, ft
helicopter pitching moment of inertia about center of

gravi@, slug-ft~
incidence of plane perpendicular to rotor shaft,

radians; also, ~
lift, positive upward, lb
pitching moment about center of gravi~, positive”

nose-up, lb-ft
increment in normal acceleration from trim value,

g Unitk
helicopter pitching velocity, radians/see
blade radius, ft
radial distance to blade element, ft
Laplace transform parameter
rotor thrust, lb
time
true airspeed of helicopter along flight path, fps
indu&d inflow velocity at rotor (always positive), fps
gross weight of helicopter, lb
rotor angle of attack; angle between flight path

and plane perpeniGcular to axis of no feathering,
positive when axis is inclined rearward, uncorrected
for blade and control-system distortion, &, or
automatic control devices, radians

.

fuselage angle of attack, angle of attack of plane
pfiendi;dar to rotor “shaf~,radians -

angle of climb, radiana
inorement
angle in plane of rotation between perpendicular to

bladespan axis and flapping-hinge axis, positive
when an increase in flapping produces a docrcaso
in blade pitch

instantaneous blade-section pitch angle; angle be-
tween line of zero lift of blade section and plane”
perpendicular to rotor shaft, uncorrected for blado
and control-system distortion, &, or automatic
control devices, +4 cos IO-Ill sin #, radians

collective pitch, average value of Elaround azimuth,
uncorrected for blade and control-system distor-
tion, &, or automatic control devices, radians

inflow ratio, (V sin a-v)/$2R
tip-speed ratio, V cm a/QR (assumed equal to V/fiR)
mass density of air, slugs/cu ft
rotor solidity, bc./uR
blade azimuth angle measured from downwind

position in direction of rotation, radians
rotor angular velocity, radians/see
ratio of di&rential collective pitch to cyolic pitch

due to longitudinal stick motion rigged into
tandem heli~opter

—-

Stability derivativ~:
Stability derivatives are ikdicated by subscript notntion;

for example, Za=~. They are defined as follows:

Subscripts :
rotor

; fuselage
t tail.
c control motion during measurement of stabili~

derivatives
P pilot’s control motion in pull-up maneuver
o trim or original value
1 modified f&ht condition at increased angle of -‘’ - ‘-
m measured

Superscripts:
(-) including effects of blade and control-system

tion, 63,and automqtic control devices
c) d/&
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I. ANALYTICAL PHASE OF MANEUVER-STABILITY
STUDY

In thispart of the report, the equations of motion appli-
cable to the pull-up maneuver are derived and solved and
the assumptions involved are discussed. Then the proce-
dure involved in deriving the maneuver&ability chart is
discussed and the chart is presented. From study of the
chart, the stability derivatives that have a significant effect
on maneuver stability are deduced. Finally, the validity of
the chart is checked by a comparison, for both a single-rotor
and a tandem-rotor helicopter, of maneuver stabili@ as
predicted by the chart and as measured during pull-up
maneuvem. The stability derivatives for use in this com-
parison are obtained horn flight data by techniques described
in part II of this report.

THEORETICAL ANALYSIS

In this section, the equations of motion applicable to the
pull-up maneuvez will be derived and solved.

ASSUMPTIONS

Constant forward speed ,—The assumption is made that
the forward speed remains constant during the pull-up
maneuver. This assumption, which is used in equivalent
analyses for airplanes, is conservative if the helicopter is
stable with speed. The actual reduction in speed which
occurs would produce a nose-down moment and a reduction
in thrust. Both of these factors would tend to cause the
normal-acceleration time history to become concave dow-n-
ward sooner. Thus, the assumption of no speed change is
always conservative for helicopters with positive speed
stability.

For other uses of the equations of motion, such as in
studies of the long-period oscillation or in certain autopilot
studies, it would be necessary h include the effects of varia-
tions in speed.

Small displacements, initial flight-path level.—~ in
equivalent analyses for airplanes, the assumptions are made
that the displacements from trim are small and the trim
condition is in level flight.

Constant rotor speed,—Although the tendency exists for
the rotor speed to increase during a pull-up, the assumption
is made that the rotor speed is constant. A sample investi-
gation of this assumption, which is discussed in the appendix,
has indicated a resulting change of about 0.05 second in the
time for the time history of normal acceleration to become
concave downward. Also, future helicopters are likely to be
equipped with governors to assist the pilot in preventing the
rotor speed from exceeding the maximum allowable and to
help limit maximum load factors. If a throttle-type gov-
ernor is used, no corrections to the stability derivatives are
necessary. If a pitch-type governor is used, corrections to
the stability derivatives to account for the pitch change
would be necessary. However, these corrections are felt to
be beyond the scope of this report.

Quasi-statio conditions.-The assumption is made that.
the dynamic maneuver can be represented by a series of
static conditions and hence the blade flapping coefficients

and the rotor Mow and dowmvash velocities are always at
their equilibrium values, determined by the instantaneous
values of a, 0, y, and q. Inasmuch as the order of magnitude
of the time interval for the, change in il.ight condition is 2
seconds, it is felt that the assumptions are justified exept
perhaps the flapping assumption for bladea having a very
low maas factor or very low flapping stability. For such
blades, the need for considering the flapping as an additional
degree of fkeedom would have to be investigated.

For other uses of the’ equations of motion, such as for
autopilot studies, these quasi+ tatic assumptions might not
be valid at the higher end of the @r@cant frequency range.

Lift due ta elevator deflection neglected,—Where a heli-
copter is equipped with an elevator that moves with the
longitudinal control, the change in lift due to elevatir
deflection is neglected.

Lift of fuselage and tail depend upon rotor angle of at-
tack.—It will be assumed that the change in lift of the
fwielage ~d tail is dependent upon changes in rotor angle of
attack. A small error arisea because the change in fuselage
angle of attack differs tim the change in rotor angle of
attack by an amount equal to the change in longitudinal
cyclic pitch. However, this error is insiicant inasmuch
as the lift-curve slope of the fuselag~ and tail is considerably
smaller than the lift-curve slope of tire rotor.

Constant stability derivatives.-lh order to solve the
equations of motion by feasible methods, it is necessmy to
aasume that the stabili~ derivatives are constant during the
pull-up maneuver. Failure to make this assumption would
result in nonlinear di.iferential equatiois, which are ex-
tremely tedious and ditlicult to solve. Actually, the deriva-
tive M.@Y” does &ange during the maneuver because of
nonlinearities as explained in reference 6. The derivative
aM/b as well as the other derivatives also varies during the
maneuver if significant stilling occurs. similarly, th&
derivatives also vary with the magnitude of the control
deflection used to produce the maneuver. In order to handlb
these variations approximately, it might be assumed that
the l-inch stick deflection called for in the maneuver-
stability criterion producw 1° of longitudinal cyclic pitch
and results in a pull-up of 0.4g acceleration increment.
Then, the stability derivatives can either be computed
at 1.2g or by taking increments over the range from 1.Og
to 1.4g. Also, they should be computed with the as-sump-
tion that the 1° cyclic pitch change has already occurred.

Effects of blade and control-system distortion, 6s, and
automatio oontrol devices acoounted for by El and ~ deriva-
tives.-It will be assumed that the efkcts of blade distortion,
& and automatic contiol devices can be~ccmmted for by

,derivatives of longitudinal cyclic pitch BI and collective
pitch ; with respect to rotor angle of attack Z and pitching
velocity q.

EQUATTONSOF MOTION

A system of axes based on the flight path is used. The
equations of motion are derived on the basis of the pre-
viously discu9sed assumptions, one equation for equilibrium
normal to the flight patch, and one for equilibrium in pitch.
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Only ch~ges in force and moment horn trim values are
considered.

Equilibrium normal to flight path.—The forces acting
normal to the flight path during the pull-up maneuver are
the changes in lift acting upward sad the centrifugal inertia
force due to the curved flight path acting downwwwd.
Thus,

L@L;Ai+Lz Aii——~+=o (1)
.9

or

g IiAii-mL=i &Luem g .A~=o—— (2)

From the definitions of Aa and AZ and from the assumptions,

AE=Aa—@& ~lgq

where El= and ~lfl are due to blade twist, &, and automatic
control d&ices. -

Solving for AZ and bAZ/bAcZyields

Also, with the asmmption of no ,change
lever position

,

(3)

(4)

in pilot’s pitch-

(5)
. .

where ‘k and ~qare also due to blade twist, &, and automatic
control devices. Substituting equation (3) into equation
(5) yields
.

Substituting equations (3), (4), and~(6)~into
gives

where

(6)

equation (2)

(7)

(8)

and

(9) -

The first form of the expressions for ~= and ~~ is appropriate
for computing purposes, while the second form is appropriate
for fulkcale measuring purposes.

Equilibrium in pitoh.-There are five pitching momonts
acting during the maneuver. These are moments due to
collective-pitch change, damping in pitch, angle-of-attack
stability of rotor and fuselage-tail combination, control
displacement, and inertia.

Thus,

The terms Al; AZ, lM,q, and (M:), AZ account for the
pit@ng moments due to thrustivector and tip-path-plane
tilts with respect to the axis of no feathering. The term
MEI ~1 accounts for pitching moments due to a tilt of the
axis of no feathering with respect to the rotor shaft. In-
asmuch as

Aaf=AG+~l (11)

equation (10) can be written as follows:

(12)
Also, by assumption,

No bar is placed above the AB,, term because changes in
.BIpdue to twist, and so forth, ‘are included in the ~1~ term.
Combining equations (3) and (13) yields

Substituting equations (3), (4), (6), and (14) into equntion
(12) gives

(lb)

where

~ =(fM;)r+fM;k+B,#l&,
a +(MJf+,

1+27,;

=(fMJ,+Mfi.+%,J&l+ (MJ7+t (17)

K=ME1+ (MJ+ t (18)
.

& for ~ti and ~,, the fit form of the exqm.asionsfor ~r and
ZZ=is appropriate for computing purpose9, while the second
form k appropriate for measuring purpose9.
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Equation relating Act, ‘Y, and q.—Inasmuch as the two
equations of motion, equations (7) and (16), contain three
variables, a third equation must be developed before a
solution can be obtained. From examination of figure 1 it
can be seen that, for the pull-up maneuver,

CY=i-T-B1p
therefore

Aa=Ai—Ay—ABlp
or

J
I

Aci= qdt-Ay-ABlp (19)
o

SOLUTZONOF EQUATIONSOF MOTION

Prooedure.-Equations (7), (15), and (19) constitute three
simultaneous equations with three dependent variables a,
q, and ~ and an input variable ABln. They are solved here
by means of the Laplace transfo~ation for y as a function
of time for n step input of B1fl,simulating a pull-up maneuver.
Inasmuch as

then
bAn V&Y—. — _
at g at’

(20)

(21)

Thus, the solution for 7 will be differentiated twice and
mtitiplied by V/g to get bhpt inasmuch as the point at
which the normal-acceleration time history becomes con-
cnvo downward corresponds to a point of maximum slope
bAn/bt. Then combinations of the stability derivatives
which give maximum bAn/bt at t=2 seconds will be deter-
mined by iteration. The alternative procedure was con-

,,- perpendicular to
1’ axis of na feafherlng
t\
‘.

Y ?

Horlzontal---- ----- Perpendicular ta

//
Rater shaft ----- \

/ Pxis‘f‘0‘ea’b’w

Wmzm I.—Relation betwsen rotor angle of attack, rotor-shaft inci-o
donce, angle of clhnb, and longitudinal cyclic pitoh. All anglea
shown are positive. h of no feathering la uncorrected for blade
and control-s@em distortion, 53,or automatio control devices.

sidered of differentiating the solution once more to get
?Yhpt’ and determining the combination of stability
derivatives to give b2An/W= O at t=2 seconds. How-
ever, the @ternative procedure did not appear to be superior
to the tit procedure discussed.

Laplace transformations of equations.-Taking the La-
place transform of equations (7), (15), and (19) by means of
the table of transforms in reference 7 results in the following

(22)

Equations (22) constitute a set of simultaneous akebraic
equations which can be solved for ~(s) by means of-deter-
&ants. Thus, ,

0

1

T’(8)= (23)

8

1 1——
8 1

Solution for ~fi/~ f ,—The expressionfor 7(4 was expapded
and split up by partial fractions. Then the inveme W-
form was taken to get ~(t)by using once again the table of
transforms of reference 7. Then, with the use of equation
(21), the following expression was obtained:

?m@t =et

–AB1pz=/w {(- *z.+E)cOsbt+[-%
;(a+’’+]skbt} (24)

where
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or (considering the usual magnitude of the terms)

#, M~l

L= Iy

and a + M are the roots of the equation formed by setting the denominator of equation (23) equal to zero (clmractor-
istic equation) and can be put into the following form:

~++&7~a+~)
a=

2 (26)

and

&z~)+%E+(Az.+E)E-(%+E)(*’”+E)-”2
If b is imaginaxy (characteristicequation has real roots),
equation (24) can be put into more convenient form by
letting b=ic. Then, by use of the relations between t@o-
nometric and hyperbolic functions,

bAn/W =P,
{(

.—
–A&&!W

~ Z=+E) Coshd+

[ ( 3-E)la’}’28)–~=+c+~ a ~=

MANEUVER-STARILITY CHART

Jn this section a chart will be derived which hdicates the
combinations of stability derivatives dich produce marginal
maneuver st.abfity.

ZIGNIPICANTSTABILITYDEFUVATIVE9

Examination of equations (24) to (28) indicates the follow-
ing parameters to affect the time for the normal-acceleration
time history to become concave downward:

Calculations indicate the parameter K,/IT, which depends
primarily on control power, to be of only minor importance.
The signiiicanca of the three remaining parametms can be
better appreciated by simplifying to the case of ~,=0.

Bz
The three parameters then become -# ~a~ and ~ ~~~ a.

Thus, maneuver stability is indicated to be a function of
damping in pitch and angle-f-attack stabili~ as discussed
in reference 1, of the moment of inertia in pitch, of the lif&
curve slope, and of the lift due to pitching of fie helimp~.

CALCULATIONPEOCZDURZ

The procedure for calculating the desired combinations of
stability derivatives is based on the reasonable assumption

(27)

that if An is mxdnmm at t=2 seconds (An curve concave
down?ard at 2 seconds), then Ah at t= 1.95 seconds is equal to

An at t=2.05 seconds. Values of b, KJIY, and & ~=+17

A?iwere assumed and valuea of
–AB,nzJw

at t= 1.95 seconds

and t=2.05 seconds were calculated for two mbitrmy values—
‘q E from equation (26) and then equation (24) or (28).of*

—
A fit approximation to the correct value of ~+E WilS

obtained by interpolation or extrapolation of the percentage
differenc8

Ahl.s.os-A&.l.M
A?&w (29)

—
corresponding to each of the two values of ~+E. This

first approximation of ~+E was inserted back into equation

(26) and then (24) or (28) and the interpolation procedure
was repeated. This iteration process was continued until
the quantity given by expression (29) was lW tlmn 0.01, so
that the percentage difference in slopes M t=2.06 and
t= 1.95was less than 1 percent. Then, the corresponding
value of the parameter

%HW)-%E-(’+W+E)E
w& obtained horn equation (27).

& mentioned previously, the parameter KJ1r, which
depends primarily upon control power, was indicated to be
of only minor importance. Thus, for simplicity, it was
decided that only the most unfavorable value of K,/Iy would
be used. Sample calculations indicated a reduction in
K,/I= to -be mildly unfavorable. Thus, a value appro.u-
aately on~half that of a typical presenhday helicopter was
used throughout the calculations.

FOIIMOF CHART

In figure 2 are presented plots of the parameter

iv ( –A-z a,)–(#@”+E)E~E--l WVQ1.
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—

against the parameter ~+.l? for various values of the paramekr ~ ~~ .+E obtained from the previously described pro-

cedure. Aa discussed in ~eference 1, increases in angle~f-nttack stability or in damping in pitch (more negative ~= or ~J

improve maneuver stability. Thus, for each value of A ~+~, the region below imd to the left of the curve is-satisfactory.

I?igure 2 indicates an increase of ~=, which is the lifbmrve slope, to be stabilizing in that an increasing satisfactory region
exists for increasing values of the parameter. In addition, figure 2 shows an increase in pitching moment of inertia I= to be
destabilizing.

Figure 2 is not in a very convenient form because of the overlapping regions of satisfactory and unsatisfactory maneuver
stability for the different values of the lifkmrve-slope parametar.

It was noted that, for a given value of the damping-in-pitch parameter, the value of the angle-f-attack stability param-
eter was approximately proportiomd to the lifkcurve-slope parameter. Hence, it was found, by trial and error, that if the
angle~f-attack stability parameter of figure 2 were mod&d to the parameter

galg~( )( ) z —_ ~~+E
0+0.58 (Z+ E)+0.12 (~+E)2——

I= Wvqwva

a single boundary curve would be produced.
In figure 3 is presented an alternate form of chart using

this modified angle-of-attack stability parameter. The
single curve of figure 3 represents approximately the entire
range of lifbcurve slope covered in figure 2. Thus, figure 3,
although somewhat less accurate than figure 2, is considered
to be CLmore convenient form of chart to use. -

COMPARISONOF MANEUVERSTABILITYAS MEASUREDIN
FLIGHTWITHPREDICTIONSOFCHARTOFTJ31SREPORT

In order to check the validity of the procedure used to
obtain the chart presented herein, comparison is made of
maneuver stability as measured in alight with predictions of
the chart of this report. The stability derivatives for use
with the chart are determined in part II of this report. The
comparison is made for the single-rotor helicopter of figure 4
with and without a horizontal tail surface, and for the
tandem-rotor helicopter of figure 5 in two different flight
conditions. The horizontal tail used on the single-rotor
helicopter is shown in ilgure 6 and ita principal dimensions
are given in figure 7.

In figure 8 are presented time histories of control position
and normal acceleration during pull-up maneuvem at approx-
imately 70 lmots indicated aimpeed. Figures 8 (a) and 8 (b)
am for the single-rotor helicopter of figure 4 in level flight
with tail surface off and on at 0° incidence with respect to
the rotor shaft, respectively. Figures 8 (c) and 8 (d) are
for the tandem-rotor helicopter of figure 5 in level flight and
partial-power descent, respectively, with the center of
gravity 13 inches forward of the midpoint between the rotor
shafts.

The data from which the normal-acceleration time histories
of figures 8 (a) and 8 (b) were obtained were similar to those
shown in figures 8 (c) and 8 (d). The normal accelerometer
reflects the vibration of the helicopter which necessitates
fairing the data as indimted in figures 8 (c) and 8 (d). The
result is some inaccuracy in determining the time for the
normal-acceleration time history to become concave down-
ward but the error is not considered serious.

In figure 9, the theoretical curve of figure 3 is replotted
along with six data points, four of them corresponding to the
four helicopter configurations for which pull-up time histories
are presented in figure 8 and for which stability derivativea
are computed in part II of this report. Adjacent to each of
these four points is given the approximate time for the
corresponding normal-accderation time history of figure 8 to
become concave downward. The time history of normal
acceleration of figure 8 (a) is divergent throughout and the
corresponding data point in @e 9 is labeled accordingly.

Two additional data points are plotted in figure 9. One
data point is for the single-rotor helicopter with tail on, but
with a tail-incidence setting of 7° nose up. It was assumed
that this change in tail setting did not change ~ or ~, from
the value for the configuration with 0° tail incidence. The
effect on f~= due to the change in down load on the tail
surface was estimated theoretically. The second additional
data point is for the tandem helicopter in level flight but with
approximately 5 percent higher thrust coefficient than for

I
Q I I I

,Critwicmof ref. 3
1S!!+ not sotisfied

o A
g Lift- curve-sbpe pomrneter,

2 \
p

Y \\ ,“ \ ,
& ~.~E

z -,
c \ 2.0g \a Criten&c+c+bofdref.3
& \ \\\ ‘ \. \,-
22
= ~25 k 10

E -3 \ \
-3 -2 -1 0 .1 2 3 4

Arqle-of-attock stoblfit y pororneter, $(’-&’~-(&&+E)E-% Y

FIWEE 2.—Daniping-in-pitoh parameter plotted againat anglwf-
attack stability parameter’ for various values of lif&ourve-elope

~ MF1
parameter for marginal maneuver stability. Eu# ~..
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FIGURE 3.—Dampin@n-pitch parameter plotted against mocWxl
angle-of-attack stability parameter for marginal maneuver s$ability.
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L. 1=
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*

.n$ *Z ;.*’;, ,y .* &-
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FIGURE 4.-Single-rotor helicopter studied.

the previous le-rel-ilight condition and with the center of
gravity approximately at the midpoint between the rotors.
The effect of the center+f-gravity ch~me on the value of
i~= for the previous level-flight condition was computed
theoretically, changes in ~ due to changes in rear-rotor
stalling being neglected. The slight effect of the 5-percent
increase in thrust coefficient on i% and EQ was also computed
theoretimlly, effects of changes in rear-rotor stalling being
neglected. The times for the corresponding normal-accelera-
tion time histories to become concave downward were
obtained horn time histories similar to those “in figure 8 and
are given adjacent to each point.

. -- L--ad.
FIGURE5.—Tandem-rotor helicopter studied.
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FrGURE6.—Biplane tail surface used to vary angl~of-attaok stability
of single-rotor helicopter.
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Fmurm 7.—I-mation and principal dimensions of bipkxm tail surface
used to vary angh+of-attack stability of single-rotor holicopt er.
Angle of incidence of tail surface ia 0° or 7° relatiw to piano normal
to rotor-shaft axis.

The theoretical curve of figure 9 (and hence of fig. 3) is
indicated to be qualitatively correct for both single-rotor
and tandem-rotor helicopters in separating cotigumtions
which have satisfactory maneuver stabili~ according to the
criterion of reference 3 from those which have unsatisfactory
maneuver stability. This can be seen by noting that the
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(a) SingI&rotor helicopter, level tlight, tail off.
(b) Single-rotor helicopter, level flight, tail on at OO.

I?IGURE8,—Time histories of pull-up maneuvem for test helicopter at
approximately 70 knots.

points for which the normal-acceleration time history be-
comes concave downward in less than 2 seconds fall in the
satisfactory region while those for times to become concave
dowrmwrd of more than 2 seconds fall in the unsatisfactory
region. Thus, the analytical procedure used to obtain the
chart of figure 9 (and fig. 3) is indicated to be valid.

II. FLIGHT MEASUREMENT OF LONGITUDINAL-
STABILITY DERIVATIVES

In order to make use of the chart presented herein for
cvahmting the maneuver stability of a prospective helicopter,
the signi&ant longitudinal-stability derivatives of the heli-
copter must either be theoretically predicted or measured.
For &new type of helicopter in the design stage, it would be
necessary to compute the longitudinal-stability derivatives
of the design. If no stalling is present, the derivatives of the
rotor can be predicted on the basis of the available rotor
theory of references 8 to 10. However, it is usually necessary
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(c) Tandem-rotor helicopter, forward center of gravity, level tlfght.
(d) Tandem-rotor helicopter, forward center of gravity, partial-power

descent.
FIGURE8.—Concluded.

to take account of rotor stalling becnuse, as pointed out in
severtd previous NTACApapem (see, for example, ref. 11),
the optimum flight condition from the standpoint of per-
formance is approximately that at which stalling just
begins. A helicopter designed to fly near this optimum
condition in cruising flight would always encounter rotor
stalling during a pull-up at cruising speed or higher.

Preliminary studies indicate large effects of rotor stalling
on longitudinal-stability derivatives. Thus, in evaluating
the maneuver stability of a new type of helicopter in the
design stage, these stalling effects must be lmown, at least
approximately, before the rotor longitudinal-stability deriva-
tives can be computed and use made of the chart presented
herein. More detailed discussion of the effects of stalling on
rotor longitudinal-stabili~ derivatives is beyond the scope
of this report.

For a prototype helicopter that is in the ilightAest stage,
or for a helicopter in the design stage that is similar to a
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FIGmm 9.—Comparison of maneuver stability predicted horn meaaured stabili~ derivative and from pull-up time histories suoh as in flguro
8. The timesfor the normal-acceleration time history during the pull-up to become concave do”&nward are “noted above the data points.= lr-

helicopter already flying, the necessary stability derivatives
can be measured in flight by the techniques described in this
part of the report. These measured stabili~ derivativea
can be used with the chart presented herein in studying the
maneuver stability of th~e helicopters. For example, if
tests such as that called for in the criterion of reference 3
indicate a prototype hd.icopter to have maneuver instability,
the sign&ant longitudinal-stabili~ derivatives of the heli-
copter can be measured in flight by means of the techniques
described in this section and then plotted on the chart.
Then, the magnitude of the changes in the stability deriva-
tives necessrwy to produce marginal maneuver stability can
be determined. These theoretically predicted changes can
be used as bases for design studies of practical methods of
achieving satisfactory maneuver stabili~i. Tb~most praw
tical changes to make are probably in lf= and AZqby means
such as those discussed in reference 1. It should be noted
that changes in ~ti, vary the modified angle-of-attack
stability parameter.

After the techniques for flight measurement of the signill-
cant derivatives are dmcribed, sample calculations are per-
formed. The &dculations, whioh are for tho helicopters in
figures 4 and 6, are used in the comparison discussed in the
previous section.

TECHNIQUE OF FLIGHT MEASUREMENTOF SIGNIFICANT
LONGITUDIN&STARILITYDERIVATIVES

In this section, techniques for measuring in flight the
derivatives of lift and pitching moment with respect to angle
of attack and pitching velocity are discussed,

~-CIJIWE.SLOPE ANDANGLE-OFATTACK STABILITYDERIVATIVES

The technique used b measure the lift-curve-slope and
angle-of-attack stabili~ derivatives of a helicopter in flight
can beat be understood by comparison with a possible wind-
tunnel technique.

Wind-tunnel technique .—Assume a helicopter mounted in
a wind turmel at a particular flight condition, with pitching
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moments about the center of gravity trimmed to zero by
means of longitudinal positioning of the control stick. Let
this original flight condition be specified by the three pa-
rameters ~, 00,and (OT/u)o.

& indicated in reference 10, the flight condition of a rotor
is specified by three independent parametem. In reference
10, the three paramehmsare A, O,and k, where Ais the inflow
ratio. For convenience in this discussion, the parametar
CJu is used instead of h. The value of the rotor angle of
attack is fixed by the values of i, cJa, and 6.

Next, assume that the angle of attack of the helicopter is
increased, so that an increase in thrust is produced, the rotor
speed and pitch lever being kept constant; also, assume that
tho mntrol stick is moved longitudinally to re@m the pit&-

kg moments ta zero. The modified flight condition is
specified by the following parameters:

M, 8, (GJU)I

whoro
Pl=YO

61=t$

(C~/a)l> (cT/u)O

The lift-curvo slope of the helicopter, whether single or
trtndemrotor, can be determined from the measured changes
in thrust and angle of attack of the axis of no feathering.

The angleaf-attack stability can be computed from the
measured change in control~tick position. If the control
stick were returned to its initial position, a pitching moment
would be produced on a single-rotor helicopter equal tQ

(1 ()AM= AB,C(TO+AT)h 1+$ +AB,o~ l+%

or

[ ‘(c”’”)l’(l+%)+a’%(l+a’30)AM= AB,OTO 1+ m

where AB16is the measured change in cyclic pitch.
The fit term in equation (30) accounts for pitching

moments due to thrust-vector tilt; the second term accounts
for those due to the centrifugal forces in the bladea combined
with the offset flapping hinges. The second term waa de-
rived by assuming that the centiifugil forces in the blades
act along tlm blade spantie axis. The ba’/& and &z.J&
terms account for the usual instability of the rotor with angle
of attack. Inasmuch as thcae terms are normally much less
than unity, they can -be obtained to a sufficient degree of
accuracy, by neglecting any effects of stalling, from refer-
ences 8 and 10. If a horizontal tail surface is linked to the
control stick, its contribution to AM must be added to
equation (30). The angle-of-attack stability is obtained by
dividing AM by Aa.

For a tandem helicopter, the pitching moment due to
returning the stick to its original position is

LONGITUDINALMANEUVERSTABIIJTY 1005

where
AT &flerence in thrust between the MO rotors
T, original thrustper rotor
hAO
aB,

ratio of ,@fhrential collective pitch to cyclic pitch due
to longitudinal stick motion rigged into the tandem

helicopter and where Ma mti is given by equation <30)
~d a(c=/u)

ao
can be obtained iiwm the charts of referemm 8.

a(cT/u) ~~d be Obtahed by measuring fieAlternatively, aO

change in thrust with change in collective pitch.
The angle-of-attack stability is again obtained by dividing

&i by Act.
Flight technique.-If it were attempted to use the wind-

tunnel technique in flight, a complication would develop in
that, as soon as the angle of attack was increased, the resulb
ing thrust increase would produce a pull-up, and hence
unsteady flight conditions. The basic feature of the flight
technique described herein is to obtain the increase in 6’Ju
by reducing the rotor speed and retaining the original value
of thrust, so that data can be taken under steady fight
conditions. The pitch lever is kept fixed as in the wind-
tunnel technique. The forward speed is reduced in propor-
tion to the rotor speed to maintain the same tip-speed ratio.

In more detail, the flight technique consists of taking
approximately a 2-minute record of the original f&ht condi-
tion. The forward speed and rotor spe~d are then reduced in
proportion, the latter by reducing power. Because of the
transient reduction in thrust, the helicopter will start to
descend; the descent will rcmdt in an increase in rotor angle
of attack suilicient to bring the thrust back to the original
value, and hence equal to the weight. bother %ninute
record is taken. Inasmuch as both flight conditions are
steady, the longitudinal stick position must be such as to
trim pitching momenta ti zero.

Thus, if the techniques am considered in terms of non-
dimensional quantities, the tlight technique is identical to the
wind-tunnel technique. The origiud ValUIX of y, CT/U,~d
6 are duplicated as are the mo~ed values of p, C=/u, and 8.
The change in angle of attack in flight is the same as in the
wind tunmd inasmuch as a is specified when P, C=/C, and 0
are speciiied.

The liftiurve-slope derivative, whether for a single or a
tandem helicopter, can once again be determined from
A(C~/a) me *— .

Aa
ange in CT/~ CMIbe obtained by measuring

the rotor speed during the two runs. The change in a can be
obtained by measuring forward speed, rate of descent,
longitudinal fuselage inclination, and longitudinal cyclic
pitch duri& the two runs.

The angleaf-attack stability at the normal value of rotor
speed can be obtained as in the wind tunnel by using equa-
tions (30) or (31) and the measured change in loiig%udinal

a (CT/u) for equation (31)stick position. The derivative aO

can be measured in flight, if desired, by performing collective-
piti pull-ups.

Methods for measuring in flight many of the quantities
mentioned in this section are discussed in reference 12.
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Additional considerations in the use of the flight tech-
nique.-In the section entitled “Assumptions,” it is sug-
gested that, because the stabili~ derivatives may not be
conshmt, a pull-up of 1.4g be assumed and the derivatives
be evaluated at 1.2g or over the range frorg l.Og to 1.4g.
Thus, for the determination in ilight of the lifbcurve-slope
and angle-of-attack stability derivatives, the percentage
reduction in rotor speed in going from the original condition
to the modified condition should be about one-half the
percentage increase in normal acceleration. For the test
helicopters of figures 4 and 5, a reduction in rotor speed of
no more than approximately 10 percent is permitted.
Although the derivatives thus measured correspond to a
1.2g pull-up, the actual pll-ups made were somewhat
larger. For this reason, the measured lift-curve-slope and
angle-of-attack stability derivatives may be somewhat in
error. This error would be more serious if large amounts of
stalling, and hence nonlinearity in the stability derivative-s,
Werepresent.

One term that must be added to the angle-of-attack sta-
bility as measured in fight for use in the pull-up analysis is
the contribution due to the displacement of the stick from
its trim position, as mentioned in the section on ‘(Assump-
tions.” This term arises from the resulting displacement of
the thrust vector from its trim position so that increases in
rotor thrust have a ditYerentmoment arm about the center of
gravity. This correction is to the (.W), term in 1~’. Thus,

/

mL)r=-AB,, 0+3%
()=–AB,P l+=

ba’ ~ A(C./u) To
Aa (a=/u), (32)

AS also mentkmed in the section on “Assumptions,”
AB,, might normally be assumed equal to 1°. However,
inasmuch as ABIPwas measured during the test pull-ups to
be discuised, the measured value will be used.

For the special case of the single-rotor helicopter with
zero offset of the flapping hinges, the correction term of
equation (32) can be put in more convenient form as a cor-
rection to the A& used in equation (30) as follows:

[ Awq,(l+!g)~1=6 ‘,aTo 1+ (c,/”)o

‘-m4+a’A(%&
Solving for 8 AB16yields

A(c./u)

6AB1==-ABIP ~“
~ , A(C+) (33)

‘ (CTIU)O

The quantity A(cT/c) in equation (33) is the increase in
CJu achieved during the &mht measurement of angle-of-
attack stability, inasmuch as 8 ABl~is used as a correction
term to ABICin equation (30).

Another error in the flight technique of measuring the
lift-curve-slope and angle-of-attack stability derivatives
arises if the rotor blades undergo a significant amount of
tit. Inasmuch as the blade torsional stiilness is not
scaled doWn along tith the reduc”ed dynamic pressure, 10SS
blade h-ist d.1 take place during these stability-chmhmtive-
measuring flights than during the actual pull-up mimeuver.
For a 10-percent reduction in fomvard and rotor speed, the
dynamic pressure~ould be reduced approximately 20 percent
from its usual value and hence approximately 20 percent of
the blade ttit occurring during the pull-ups Would bo
missii. This error should be small mcept perhaps for
blades of unusually low torsional stiflnees or during condi-
tions of extreme stall, when the chord}vise position of the
center of pressure is -ivallbehind the chordtie position of
the center of gravity. Thus, equations (8) and (17) can be
titten tith snflicient accuracy as follom:

and

Z==(g)m (34)

(36)

where 6(Ma), is given by equation (32).

For the special case of the single-rotor helicopter with no
offset of the flapping hinges, equation (35) can be written

(36)

where 6 ABl=is given by equation (33). ‘

DAMPING-IN-PITCH AND l.IIW-DU&TO-PITCHING DERIVATIVES

The measurement in fight of damping in pitch involvos
measuring the change in stick position, thrust coefficient,
and rotor angle of attack in going from straight flight to
steady turns at fixed vd”ues of pitch-lever position, throttlo
position, and forward speed. Preferably, 1%minute to
2-minute records should be taken at mch condition. The
rotor speed will probably increase somewhat in going to the
turn condition, while the forward speed -willvary some from
the desired value. The change in stick pos!tion needed to
neutralize pitching moments comes about from threo causes,
the angle~f-attack stability, the damping in pitch, and the
change in tip-speed ratio. The contribution of cmgle-of-
attack stability is computed with the use of the measured
change in rotor angle of attack and the rmgle-of-attack stct-
bility measurements described in the previous section. If
the lift due to pitching is small, as is normally the case, the
measured change in thrust coefficient should be used in place
of the measured change in rotor angle of attack because of
greater probable experimental accuracy. The contribution
of tip-speed-ratio change is obtained by measuring the change
in tip-speed ratio and comparing with a plot of stick position
against tip-speed ratio at constant pitch and throttlo
positions.
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Correcting for the contributions of angle-of-attack sta-
bility rmdtip-speed-ratio change leaves the damping-in-pitch
contribution to the change in stick position. Then, by use
of equation (30) or (31), the pitching moment due to the
pitching velocity can be computed. The pitching velocity
itself can be measured, and the damping in pitch determined
by dividing AM by q.

If any blade distortion takes place in going to the turn
condition, it is caused by both the angle-of-attack changes
and the pitching velocity. As discussed previo~ly, the
teclmique for measuring angle-of-attack stability accounts
for only about 80 percent of the effects of dynamic blade
tmist t~at occur during the pull-up maneuver. During the
steady turns, however, the entire 100 percent is present.
Thus, after the measured value of angbof-attack stability
has been subtracted, about 20 percent of the effect of blade
hvist due to angle-of-attack stability @ remain in the
measured damping in pitch. Ho~ever, it might be pointed
out that, by use of this teclmique for measuring damping in
pitch, the effects of such errors in the measurement of angle-
of-attack stability are minimized. If, for example, the
measured angle-of-attack stability is in error on the side of
too much instability, the damping in pitch ti be in error
on the side of too much damping in pitch. It can be seen
from figure 2 that these tmo errors tend to compensate.

Thus, equation (16) can be mitten tith sufficient accuracy
as follows:

(37)

In order to obtain the lift due to pitching, the contribution
of the angle-of-attack change to the increase in CT/V in
going to the turn condition is obtained from the lifhcurve-
slope measurements described previously and subtracted
out, leaving the contribution of the pitching velocity to the
cl]ftng~in cT/u.

Lift due to pitching velocity can be produced in the single-
rotor helicopter if it is equipped tith a gyroscopic device
~vhichchanges longitudinal cyclic pitch in proportion to the
pitching velocity. If the helicopter is so equipped, there is a
resultant change in rotor angle of attack, and hence rotor
thrust, with pitching velocity. Another possible source of
lift due to pitching is a change in rotor stalling. A nose-up
pitthing velocity, for example, causes a fonmrd tilt of the
rotor tip-path plane with respect to the axis of no feathering.
The accompanying upvmrd blade flapping velocity on the
retreating side reduces the blade-tip angle of attack. Thus,
any retreating-tip blade stalling is reduced by a nose-up
pitthing velocity tith a resuhant increase in thrust at
constant rotor angle of attack.

If no gyroscopic device is present and rotor stalling is not
severe, the lift due to pitching is small and probably tithin
tho experimental accuracy in the measurement of the change
in rotor angle of attack in going to the turn condition. If so,
lift due to pitching is best assumed equal to zero.

It should be pointed out that it is desirable to make turns
in both directions and average the resultsin order to elimimite
such effects as pitching moments due to yawing velocity.

COMPUTATION OF STABILITY DERIVATIVES

SINGLE-ROTOR ERLICOPTER

The pertinent longitudinal-stability derivatives for the
single-rotor helicopter of figure 4 tithout and tith rLhori-
zontal tail at approximately 70 knots indicated airspeed,
level flight, are now computed by the techniques described
in the previous section. These stability derivatives are used
in part I for checking the chart presented herein. The ap-
proximate physical characteristics of the helicopter used for
these computations are listed in table I.

Tail off,-Compmison betmeen level-flight records at 70
knots indicated airspeed and records at reduced fommrd and
rotor speed for the contlguration tithout a horizontal tail
indicates cJu to increase by 0.020, the rotor angle of attack
a to increase 4.2°, and the longitudinal cyclic pitch to chmge
0.43° in the fomard direction (unstable). Thus

A(CT/u)_ 0.020
Aa 4.2/57.3=0.27 per radian

The trim value of CJu is equal to 0.088. Thus, tith the
use of equation (34)

A (cT/u)
g~=__g Aa ~
W–WV (cT/u)o

32.2 0.27
= 70 0.088

~ (1.467) (1.152)

=0.8

Inasmuch as the single-rotor helicopter under study has
no offset of the flapping hinges, equation (33) applies.
Thus

6ABle=-AB1
0.020/0.088

p1+0.020/0.088

The value of AB,pmeasured during the pull-up maneuver
to be used as a basis of comparison was —1.1O. Thus

a~l==–(–l.1)0.185
=0.20°

Then using equations (30) and (36), tith ba’/i3a from

TABLE I.—APPROXIh1ATE PHYSICAL CHARACTERISTICS
OF SIN GLEROTOR HELICOPTER

Gross weight, lb----------------------------------------- -&900
Pitohing moment of inertia about center of gravity, slug-ftl--- 7, 000
Height of rotor hub with rtxqxzt to center of gravity, ft-_----- 6, 5
Offset of flapping binge from center line of rotor shaft, ft------ O
NTumberof b~a---------------------------------------- 3
Rotor diameter, R---------------------------------------- 4S
Tip-speed ratio, p---------------------------------------- Q%
Solidity (chord weighted according to radiu@, .--_---------- CL063
Demitymtio -------------------------------------------- O.9
R8tio of thrust meffioient to Solidity, CT/------------------- 0. 06.6
Blade mass faotor (ratio of air form to inertia forces) -------- 9
Longitudinal oyclic pitch per inch of stick deflection, deg------ O.8
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reference 8, yields

.

4-2 ~+-)6-5(1+01’)4’00
~==0.43+0.20

.=7000 lb-ft/radian

Thus
z=_7000.——
I= 7000

=1.0 lb-ft/radir@lug-lw

The damping in pitch of the helicopter was measured at 65 lmots, but the 5-lmot difference in formmd speed is not
considered significant. The rotor stalling during the pall-up and the turn was not very severe, Thus, inasmuch M no
gyroscopic device to change longitudinal cyclic pitch is present in the test helicopter, lift due to pitching is assumed equal to
zero.

The follotig quantities ~ere measured or computed for the test single-rotmrhelicopter..in going from the level-flight
condition to the steady-turn condition:

An= O.26g

AB,e=-0.610

A(CT/u)=0.019

AP=O

Aq= 0.12 radianlsec

I?rom angle-f-attack stability measurements at 65 knots, the effect of the angleaf-attack change on L@l \vasfound to
be 0.34°. This value was based on the change in C./a in going into the turn, inasmuch as lift due to pitching is assumed
equal to zero. Thus, correcting for AP and Aa yields

~,C=–0.61–O–0.34

=—0.95° .

=—0.016 radian

Then substituting into equations (3o) and (37), tith k’ba obtained from reference 8, gives

~=% H+%%9’5(1+01’)4’00
= —6200 lb_ft/ra&an/~ec

Thus,

174, 6200=_o ~
Ir“ -o .

The modified angle~f-att.ack stability parametar for use in figure 3 is as follovm:

--
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Tail on,—The single-rotor helicopter of figure 4 vmaequipped tith the biplane tail surface shommin figure 6. The 10C*
tion ttndprincipal dimensions for the biplane tail surface are given in figure 7. The tail-surface incidence was 0° tith respect
to the rotor shaft.

The previously described procedures for measuring angle-of-attack stability, lift-curve slope, and damping in pitch mre
repeated for the tail-on condition.

The follofig values were obtained (tith the lift due to pitching once again a.%umedto be equal to zero):

137=
z=–0”3
Inr_
77–0”5

%-T$W-(TWa ) o ) P )=0.2g ~ +E E–~E+0.7fl+0.58 ~+E +0.12 ~= +E

a7. -

~
TANDEM-ROTOE HELICOPTER

The stability derivatives for the tandem-rotor helicopter
of figure 5 at approximately 70 knots indicated airspeed in
level flight rmdtith power reduced approximately50 percent
me now computed by the previously described techniques.
These derivatives me used in part I to check the chart
presented herein. The approximate physical characteristics
of the helicopter are listed in table II The center of gravity
Jvasnppro.simately 13inches formrd of the midpoint between
the rotors.

Level flight,-Comparison behveen level-flight records at
70 knots and records at reduced rotor and fomvard speed

TABLE 11.—APPROXIMATEPHYSICAL CHARACTERISTICS
OFTANDEMHELICOPTER

Grossm’eight,lb---------------------------------------- 6,700
Pltahingmomentof inertia,slug-fi’------------------------ 40,000
He@t of rotorhubtith respeotto centerof gravity,ft____ 6
Asaumcdoffsetof flappingbingefromcenterlineof rotorshaft- 0
Numberof rotom--------------------------------------- 2
Numberof bladespermtor--------------------:---------- 3
Diameterof eachrotor,ft-------------------------------- 41
Dlstmoebehveenrotorshafts,ft-------------------------- 423
Tip-spsedratio,~--------------------------------------- O.23
SolIdky(chord~elghtedaccordingto radius~),a------------ O.052
Densitymtio------------------------------------------- O.9
Ratioof thrustcoetlicientto solidity,CT/U----------------- O.081
hAO

aBl----------------------------------------------------- 1.0

Longitudinal cyolio pitoh per inch of stick deflection, deg----- 1.0
Blade mass faotor (ratio of air forces to inertia forca) ------- 9
Horizontal stabilizerar~ sq ft--------------------------- 40
Total vertical stabilizer area, sq ft------------------------- 50
Allowable center-of-gravity range, in. forward of midpoint

between mtom -------------------------------------- —1 to 18

indicates OJU to increase by 0.019, the rotor angle of attack
a to increase by 5.8°, and the longitudinal cyclic pitch to
change 0.42° in the formrd direction (unstable). Thus,

A(cT/.) 0.019019 per ITIdh
Aa ‘m= .

Using equation (34) gives
A(CT/LT)

()
~==& g=fJ—

m m (Cyu)o w

32.2
= 70

~=0.6
~ (1.467)(1.152)0.081

A change in stick position corresponding to –0.6° change
in cyclic pitch was used during the pull-up maneuver to be
used for comparison tith the chart presented herein. Thus,
from equation (32), tith &z’/ba horn reference 8,

‘\;:”6) (1+0.12)6 ~ 6700ma=
.

=1100 lb-ft/radian

acT/rf ~mI?rom equations (31) and (35), titb ti’pa and ~

reforence 8,

~=2%6+%w(1+0012)~+
6700=+1100~ (1.0)(o.82)2(0.081) 2

=57OOO lb-ft/radian
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Thus, .

iv= 57000_1 ~
z=niiim– “

The damping in pitch of the tandem helicopter was measured by the turning technique described previously. Once
again, the lift due to pitcling is assumed equal to zero. After corrections mre made for the contributions of angle-of-attack
stability and tip-speed-ratio change, the change in longitudinal cyclic pitch was computed to be

—0.13radian/radian/see

and the change in normal acceleration during the turn was 0.139. Thus, using equations (31) and (37), again with ba’@a and
a(OT/a) from reference 8, Yidds

ao

.itiQ=—0.13(1+0.13)6(1+0.12)6700+

(–0.13)(1.0)(0.82)~$::lj ~

= — 100000

Thus,
.iia —looooo:_2 s
z“ 40000 “

The modified angle-of-attack stability parameter for use in figure 3 is computed to be

.

%(+w)-(ma ) (mu) (z ‘-Yg ~ +E &L~E+0.70+0.58 ~+E +0.12 &E

1.4(1–0)–O—0+0.70+0.58(—2.5) +0.12(-2.~2.
0.6

=2.3

Reduced power,—Repeating the previou~ procedure for the tandem helicopter at 70 knots indicated airspeed, powm
approximately one-half that for level flight, gives

--IL.-E=1.()
Wv “

LIZ=—= –0.4
I=

CONCLUDING REMARKS

Because of the importance of maneuver stability for helicopter contact and. instrument flying, n theoretical mmlysis of
maneuver stability is made. The results are presented in the form of a chart ~hich contains a boundary line separating satis-
factory combinations of significant longitudinal stability derivatives from unsatisfactory combinations according to tlm
criterion of normal-acceleration time history presented in ~ACA Technical Note 1983.

Good correlation is indicated for both a single-rotor helicopter and a tandem-rotor helicopter between maneuver stability
as predkted by the chart and as measured during pull-up maneuvers. Thus, the theoretical analysis is indicated to bo vnlid.
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Techniques are described for measuring stability deriva-
tives in flight. These derivatives are for use tith the chart
presented herein to aid in design studies of means for achiev-
ing mtisfactory maneuver stability for a prototype helicopter
or for n helicopter in the design stage that is similar to
helicopter already flying.

In predicting maneuver stability of a new type of heli-
COpter, the stability derivatives for use tith the chart
herein must be theoretically predicted. The problem re-
mains of predicting these derivatives to the desired accuracy
~hero significant amounts of rotor stalling are present.

LANGLEY AERONAUTICAL LABORATORY,

NATIONAL ADVISORY CO~TEE FOR AERONAUTICS,
LANGLEY FIELD, VA., June 9, 1963.

APPENDIX

EFFECT OF VARYING ROTOR SPEED

As indicated in the assumptions, a sample investigation
of the effect of varying rotor speed during the pull-up
maneuver was made. Additional terms accounting for the
effect of changes in rotor speed on lift and pitching moment
were added to equations (7) and (15), respectively. An
equation for equilibrium of shaft torque was derived tith
rotor speed as the dependent variable. This equation con-
tained terms accounting for the change in rotor torque and
engine torque tith rotor speed, the change in rotor torque,
tith rotor angle attack and pitching velocity, and the inertia
torque. These three equations plus equation (19) were
solved simultaneously by means of the Laplace transforma-
tion for a combination of parameters taken from figure 2.
The computed time history of An bem.me concave dommmrd
by 2.o6 seconds. Thus the inclusion of rotor speed as an
additional variable changed the time for the normal-accelerat-
ion time history to become concave domnvard by about
0.05 second, an insignificant amount.

The result presented in the previous paragraph is not too
surprising m view of the compensating effects of rotor-
speed variation. Permitting the rotor to speed up during
the pull-up maneuver has txvo stabilizing efEects, one due
to the reduction in P tith a resulting nose-do= moment

due to the stability tith jLof the rotor, the other due to the
increased rotor lift-curve slope. These stabilizing effects
are compensated by a destabilizing effect due to the rotor
inertia. Because of the inertia of the rotor, changes in its
speed lag behind changes in angle of attack. Thus, when
the angle-of-attack time history becomes concave domm-ard,
the rotor-speed time history is still concave upward, so that
the start of the domrivard concavity in the time history of
lift and hence of normal acceleration is delayed.
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